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HIGHLIGHTS 


►  Li  plating-stripping  reactions  at  the  LiPON/Cu  film  interface  are  observed  in-situ  by  SEM. 

►  At  the  Li  plating  process,  nucleation  reactions  become  rate  determining  step. 

►  At  the  stripping  process,  reaction  looks  to  be  governed  by  lithium  diffusivity. 

►  Plated  lithium  will  react  with  tiny  amount  of  H20  and  02  in  the  SEM  chamber. 
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Morphology  variations  during  electrochemical  lithium  plating-stripping  reactions  at  the  lithium  phos¬ 
phorus  oxynitride  glass  electrolyte  (LiPON)/copper  current  collector  (Cu)  interface  are  observed  in-situ  by 
scanning  electron  microscopy  (SEM).  This  in-situ  SEM  observation  shows  dynamically  that  the  plating 
reactions  at  50  pA  cm-2  distribute  initial  lithium  growth  sites  sparsely  at  the  LiPON/Cu  interface,  later, 
local  lithium  growth  occurs  from  the  pre-plated  sites  through  the  Cu  film,  and  finally,  most  of  the 
precipitated  lithium  grows  to  be  needle-shape  with  the  height  of  micron  order.  This  local  growth  rate 
attains  to  be  6.8  mA  cm-2,  about  100  times  higher  value  than  applied  one.  When  those  precipitated 
lithium  are  stripped  at  50  pA  cm-2,  core  region  of  each  precipitate  is  mostly  stripped  but  its  degree 
depends  on  the  length  of  the  precipitate.  This  dependency  will  arise  from  the  diffusivity  of  Li.  When  this 
stripping  current  density  is  increased  to  500  pA  cm-2,  the  coulomb  efficiency  is  further  decreased.  In-situ 
SEM  observation  shows  that  plated  lithium  around  the  interface  becomes  thin  preferentially  while  that 
far  away  from  the  interface  (upper  side  of  plated  lithium)  remains  unchanged.  This  will  isolate  most  of 
precipitate  lithium  from  LiPON  film  electrically,  leading  to  further  decreasing  of  the  coulomb  efficiency. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All-solid-state  batteries  (SSBs)  using  lithium  metal  (Li)  anode 
are  expected  to  achieve  extremely  high  energy  densities  with 
acceptable  safety.  Inorganic  solid  electrolyte  are  non-flammable 
themselves  and  also  work  as  the  separators  against  the  internal 
short  circuit  by  dendritic  growth  of  Li.  In  addition,  Li  anode  has  the 
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lowest  redox  potential  with  theoretical  capacity  of  3861  mA  h  g_1, 
which  is  ten  times  larger  value  than  that  of  commonly-used 
graphite  anode  (372  mA  h  g-1).  Although  the  reaction  of  Li  anode 
in  the  liquid  electrolytes  has  been  widely  studied  [1-8],  electro¬ 
chemical  behavior  of  Li  plating  and  stripping  reactions  on  inorganic 
solid  electrolytes  have  hardly  understood  in  detail.  This  is  partly 
because  of  less  numbers  of  inorganic  solid  electrolytes  stable 
with  Li. 

One  of  the  famous  solid  electrolytes  with  stability  against 
lithium  metal  is  lithium  phosphorus  oxynitride  glass  electrolyte 
(LiPON)  discovered  by  Bates  et  al.  [9].  There  are  many  works  of  thin 
film  batteries  (TFBs)  using  LiPON  as  the  solid  electrolyte  and  Li  as 
the  anode  material  [10-15].  Some  of  them  repeat  lithium  plating- 
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stripping  reactions  for  over  tens  of  thousands  of  cycles  without 
capacity  loss.  These  results  suggest  that  Li  plating-stripping  reac¬ 
tions  occur  without  any  problems  in  TFBs,  but  several  authors  have 
pointed  out  another  problem  during  fast  lithium  plating-stripping 
process  [10,15].  They  have  assumed  the  reason  to  originate  from 
morphology  change  of  Li,  but  those  morphology  changes  of  Li  on 
inorganic  solid  electrolyte  have  not  been  investigated  so  far.  This 
point  has  to  be  clarified  well  to  develop  SSBs  using  Li  anode  as 
power  sources  in  large-sized  devices,  such  as  electric  and  hybrid 
vehicles,  requiring  high  power  density. 

A  powerful  technique  to  investigate  such  morphology  change 
will  be  to  observe  the  reaction  in-situ  by  scanning  electron 
microscopy  (SEM).  In-situ  SEM  observations  for  Li  plating  process 
have  been  already  carried  out  by  Neudecker  et  al.  using  the  TFB  of 
Cu/LiPON/LiCo02  where  LiCo02  is  the  Li  supplying  source  [10].  They 
have  clarified  that  plated  lithium  react  easily  with  impurity  gases, 
and  the  resultant  dead  lithium  becomes  the  source  of  degradation 
of  Li  plating-stripping  properties.  However,  further  details  on  Li 
plating-stripping  morphology  have  not  been  investigated.  On  the 
other  hand,  we  have  found  that  electrochemically  plated  Li 
provides  low-resistive  Li/LiPON  interface  than  vacuum  evaporated 
Li/LiPON  interface,  indicating  that  electrochemically-grown  Li 
anode  has  advantages  to  be  used  in  high-power  all-solid-state 
batteries  [16].  Thus,  it  will  be  meaningful  to  study  on  morphology 
change  of  electrochemically-grown  Li  during  plating-stripping 
process  in  detail. 

In  the  present  study,  we  prepared  LiPON  film  on  both  sides  of 
mirror-polished  Li+  conductive  glass-ceramics  solid  electrolyte 
sheet  (LATP  sheet,  manufactured  by  OHARA  Inc.,  Kanagawa,  Japan 
[17]),  and  assembled  Li/LiPON/LATP  sheet/LiPON/Cu  layer  in  the 
SEM.  Morphology  change  during  Li  plating-stripping  process  at  the 
LiPON/Cu  interface  was  dynamically  observed  by  in-situ  SEM. 


Hole 


SEM  View  Point 


Fig.  1.  Schematic  diagram  of  an  in-situ  electrochemical  scanning  electron  microscope  cell. 


2.  Experimental 

Schematic  image  of  the  in-situ  SEM  observation  cell  is  shown  in 
Fig.  1.  The  sample  used  for  in-situ  SEM  observation  was  a  two- 
electrode  cell  of  Li/LiPON/LATP  sheet/LiPON/Cu.  The  LATP  sheet 
basically  obtains  NASICON-structure  with  the  composition  of 
Lii.4Ti2Sio.4P2.60i2-AlP04  [18].  Since  the  LATP  sheet  is  unstable 
against  Li  [19],  lithium  phosphorus  oxynitride  glass  electrolyte 
(Li33PO3.sN0.22  (LiPON))  was  sputtered  on  both  sides  of  the  LATP 
sheet  by  RF  magnetron  sputtering  followed  by  the  preparation 
conditions  reported  by  Bates  et  al.  [9].  The  resultant  LATP  sheet 
with  LiPON  films  on  both  sides  will  be  denoted  as  LP-LATP  sheet  in 
later  description.  Thin  films  of  Cu  (40  nm  in  thickness,  0.20  cm2  in 
area)  were  prepared  at  first  on  one  side  of  the  LP-LATP  sheet  by 
pulsed  laser  deposition.  After  that,  thin  films  of  Li  (4-5  pm  in 
thickness,  0.63  cm2  in  area)  were  deposited  on  the  opposite  side  of 
the  LP-LATP  sheet  by  vacuum  evaporation  equipped  in  glove  box. 
The  resultant  sample  (Cu/LiPON/LATP  sheet/LiPON/Li)  was  moun¬ 
ted  in  electrochemical  SEM  holder  in  argon-filled  glove  box,  where 
copper  plate  with  a  hole  was  mounted  on  the  Cu  film  to  supply 
current  to  the  Cu  film  as  shown  in  Fig.  1.  In-plane  resistance  of  the 
Cu  film  was  too  small  to  be  measured  by  d.c.  circuit  tester.  This 
electrochemical  cell  was  set  into  SEM  (Keyence  VE-9800)  without 
exposing  the  samples  to  the  air.  In-situ  SEM  observation  was  con¬ 
ducted  from  top-view  through  the  hole  in  copper  plate.  Because  of 
this  cell  configuration,  no  pressure  was  put  to  the  plated  lithium 
during  the  Li  plating-stripping  process.  As  have  been  reported  in 
the  previous  paper  [16],  plated  Li  grew  from  the  LiPON/Cu  film 
interface  toward  the  Cu  film,  and  the  precipitated  lithium  grew  not 
on  the  Cu  film  but  burst  through  the  Cu  film  since  the  thickness  of 
the  Cu  film  was  thin. 


Plating  of  Li  were  carried  out  at  50  pA  cm-2  for  3600  s 
(0.18  C  cm-2,  0.25  pm  in  theoretical  thickness),  while  the  stripping 
ones  at  50  pA  cm-2  or  500  pA  cm-2  until  the  voltage  attained  up  to 
1.0  V.  All  electrochemical  measurements  (Biologic  SP-300)  were 
conducted  under  vacuum  condition  in  the  SEM,  and  Li  morphology 
changes  during  those  plating-stripping  reactions  were 
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Fig.  2.  Voltage  profile  for  Li  plating  reaction  on  LiPON  under  the  current  density  of 
50  pA  cm-2.  The  inset  shows  the  magnified  profile  around  the  initial  plating  reaction. 
Circles  are  captured  point  for  in-situ  SEM  observations,  which  is  shown  in  Fig.  3. 
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Fig.  3.  In-situ  SEM  images  during  Li  plating  reaction  at  50  pA  cm  2.  Those  images  were  captured  at  (a)  0  s  (initial  state),  (b)  30  s,  (c)  60  s,  (d)  150  s,  (e)  300  s,  (f)  900  s,  (g)1800  s,  and 
(h)  3600  s,  as  in  Fig.  2. 


dynamically  observed.  Pressure  in  the  SEM  chamber  was  main¬ 
tained  as  low  as  1  x  10-3  Pa  during  the  observations. 

3.  Results  and  discussion 

Voltage  profile  for  Li  plating  reaction  is  shown  in  Fig.  2.  The 
voltage  profile  shows  spike-shaped  overvoltage  at  the  initial 
plating  process,  followed  by  gradual  voltage  increasing  with  the 
lithium  plating,  and  finally,  the  voltage  became  nearly  constant 
value.  This  voltage  profile  was  resembled  with  our  past  work  [16]. 
Fig.  3(a)-(h)  show  the  SEM  snapshots  captured  at  0  (initial),  30,  60, 
150,  300,  900, 1800,  and  3600  s,  respectively.  Initial  sample  surface 
looks  to  be  flat  (Fig.  3(a)).  Small-sized  precipitations  were  observed 
at  the  initial  potential  spike  region  (30  s,  Fig.  3(b)),  suggesting  that 


Fig.  4.  Voltage  profile  for  Li  stripping  reaction  on  LiPON  at  50  pA  cm  2.  Circles  are 
captured  point  for  in-situ  SEM  observations,  which  is  shown  in  Fig.  5. 
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—  4  pm 


Fig.  5.  In-situ  SEM  images  during  Li  stripping  reaction  at  50  pA  cm  2.  Those  images  were  captured  at  (a)  0  s  (initial  state;  same  with  Fig.  3(h)),  (b)  300  s,  (c)  600  s,  (d)  900  s,  (e) 
1200  s,  (f)  1500  s,  (g)  1800  s,  and  (h)  2160  s,  as  in  Fig.  4. 


initial  potential  spike  is  ascribed  to  the  nucleation  and  growth 
process.  At  the  voltage  increasing  region  with  lithium  plating 
reaction  (Fig.  3(c)),  lateral  growth  of  the  pre-plated  precipitation, 
that  is,  increasing  of  the  Li/LiPON  adhesive  region,  was  observed. 
Because  charge  transfer  reactions  take  place  preferentially  at  Li/ 
LiPON  interface,  this  voltage  increasing  (decreasing  of  overvoltage) 


will  originate  from  the  reduction  of  charge  transfer  resistance  at  the 
interface.  At  the  potential  stabilized  region,  plated  lithium  grew  in 
the  vertical  direction  to  the  LiPON  surface  but  new  precipitated 
lithium  have  not  been  observed  so  much  (Fig.  3(d)-(f)).  These 
results  are  qualitatively  in  good  agreement  with  the  past  works 
observed  by  in-situ  optical  microscopy  observations  [16]. 
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Fig.  6.  (a)  Voltage  profile  for  Li  stripping  reaction  on  LiPON  at  500  pA  cm-2,  (b,  c)  In- 
situ  SEM  images  during  Li  striping  process  at  t  =  0  and  65  s,  as  in  (a). 


of  Li  metal  to  be  0.534  g  cm-3,  the  amount  of  plated  Li  during  750  s 
was  calculated.  From  Faraday’s  law,  the  net  current  density  was 
estimated  to  be  6.8  mA  cm-2.  This  value  is  about  100  times  higher 
than  the  apparent  current  density  (50  pA  cm-2).  This  indicates  that 
Li  plating  reaction  on  the  LiPON  can  occur  fast  intrinsically. 

Fig.  4  shows  the  voltage  profile  for  Li  stripping  reaction  at 
50  pA  cm-2.  The  cut-off  voltage  was  achieved  before  3600  s  and  the 
coulomb  efficiency  was  calculated  to  be  60%.  Snapshots  of  the  SEM 
captured  at  0  (initial,  same  with  Fig.  3(h)),  300,  600,  900,  1200, 
1500,  1800,  and  2160  s  are  summarized  in  Fig.  5(a)— (h),  respec¬ 
tively.  After  the  stripping  reaction,  some  residual  precipitates  were 
recognized  as  shown  in  Fig.  5(h).  Looking  through  Fig.  5(a)— (h),  we 
can  find  that  the  morphology  change  during  Li  stripping  process  are 
greatly  different  from  those  for  Li  plating  process  (Fig.  3).  Precipi¬ 
tated  Li  seems  to  deflate  and  leave  a  husk  of  each  precipitate.  These 
morphology  changes  will  mean  that  core  region  of  the  precipitates 
stripped  mostly  while  the  surface  of  the  precipitates  loses  their 
electrochemical  activities.  Because  in-situ  formed  Li  metal  is  pure 
Li,  it  will  easily  react  with  residual  tiny  amount  of  impurity  gases  in 
the  vacuum  chamber  of  the  SEM,  such  as  O2  and  H2O,  resulting  in 
the  formation  of  inactive  surface  film  (L^O,  LiOH,  etc)  [10]. 

It  should  be  noted  that  core  region  of  thin  precipitated  lithium 
with  micron  order  in  length  looks  to  be  stripped  mostly  even  addi¬ 
tional  pressure  was  not  put  to  each  precipitate.  Self  diffusion  coeffi¬ 
cient  (D)  of  lithium  atom  in  Li  has  been  estimated  to  be  ca. 
1  x  10-10  cm2  s-1  at  room  temperature  [20],  thus  one-dimensional 
diffusion  length  ((DT)1/2)  for  2000  s  will  be  roughly  estimated  to  be 
4.5  pm  [21].  When  the  length  of  a  precipitate  is  about  5  pm  (sur¬ 
rounded  by  dashed  line  in  Fig.  5(a)— (h)),  nearly  the  same  with 
diffusion  length,  the  precipitate  deflated  from  head  to  bottom  evenly, 
and  only  thin  surface  layer  looked  to  be  remained  un-stripped.  On  the 
other  hand,  in  case  of  other  precipitates  with  ca.  15  pm  in  length 
(surrounded  by  solid  line  in  Fig.  5(a)— (h)),  one  order  longer  than 
diffusion  length,  head  region  looks  to  be  remained  unchanged  while 
under  the  middle  region  of  them  deflated  as  with  the  shorter  ones. 
This  is  probably  because  of  the  limitation  of  diffusivity  of  lithium. 

Fig.  6(a)  shows  the  potential  profile  of  stripping  reaction  at 
500  pA  cm-2.  The  coulomb  efficiency  was  reduced  down  to  18%. 
Fig.  6(b)  and  (c)  show  the  snapshots  of  SEM  captured  at  0  (initial) 
and  65  s,  respectively.  Morphology  change  during  stripping  process 
was  different  from  Fig.  5,  that  is,  only  around  the  root  of  the 
precipitates  became  thin  as  can  be  recognized  in  various  precipi¬ 
tates  surrounded  by  dotted  areas,  while  upper  side  of  the  precipi¬ 
tates  remained  unchanged.  In  this  case,  expected  diffusion  length 
for  80  s  is  estimated  to  be  1.6  pm,  much  shorter  than  the  length  of 
many  of  the  precipitates.  This  means  that  Li  stripping  rate  will  be 
too  high  to  supply  Li  from  the  precipitate.  Consequently,  electric 
connection  between  LiPON  and  the  precipitated  Li  will  be  broken, 
leaving  most  of  the  precipitated  Li  unstripped  and  then  the 
coulomb  efficiency  will  be  decreased.  When  additional  pressure  is 
not  put  to  precipitated  lithium,  practical  current  density  of  dozens 
mA  cm-2  at  Li  stripping  process  looks  to  produce  an  intrinsic 
serious  limitation  originating  the  diffusivity  of  Li  [22]. 


4.  Conclusions 


These  dynamical  observations  clarifies  that  lithium  plating 
reaction  occurs  preferentially  at  the  pre-plated  region,  indicating 
that  the  net  current  density  at  the  growth  site  is  larger  than  the 
apparent  current  density.  One  particular  precipitate  (surrounded 
by  dotted  line  in  Fig.  3(d)— (f))  was  focused  on  to  estimate  local 
lithium  growth  rate.  This  precipitate  grew  continuously  to  6.3  pm  in 
height  during  750  s  (subtraction  150  s  in  Fig.  3(e)  from  900  s  in 
Fig.  3(d)).  From  the  volumetric  change  and  considering  the  density 


Electrochemical  lithium  plating  and  stripping  reactions  at  the 
lithium  phosphorus  oxynitride  glass  electrolyte  (LiPON)/copper 
current  collector  (Cu  film)  interface  were  observed  in-situ  by  scanning 
electron  microscopy  (SEM).  This  dynamic  observation  clarifies  the 
variations  of  lithium  plating-stripping  morphology.  When  a  current 
density  of  50  pA  cm-2  was  applied  for  the  Li  plating  reaction,  lithium 
growth  sites  were  distributed  sparsely.  Local  growth  rate  of  a  lithium 
growth  site  was  estimated  to  be  6.8  mA  cm-2. 
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When  Li  stripping  reaction  was  carried  out  at  low  current 
density  (50  pA  cm-2),  core  region  of  each  precipitate  was  mostly 
stripped  but  its  degree  depended  on  the  length  of  the  precipitate. 
This  difference  will  arise  from  the  diffusivity  of  Li.  Also,  inactive 
lithium  looked  to  be  formed  on  each  precipitated  Li  probably  due  to 
the  side  reactions  of  the  plated  pure  lithium  with  residual  impurity 
gases  (H20,  02,  etc).  These  two  reasons  will  reduce  the  coulomb 
efficiency  to  be  60%.  On  the  other  hand,  when  the  stripping  reaction 
was  carried  out  at  high  current  density  (500  pA  cm-2),  root  region 
of  plated  lithium  became  thin  preferentially.  This  situation  will 
produce  electrically-isolated  precipitate  remaining  active  lithium 
at  its  upper  region,  resulting  in  further-low  coulomb  efficiency  of 
18%.  Problems  of  those  lithium  plating-stripping  reactions  at  the 
LiPON/Cu  interface  were  visualized  by  in-situ  SEM  observations. 
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